Abstract: This paper reports on the rapid fabrication of radially-aligned, three-dimensional conical structures by electrospinning. Three different polymers, Polyvinylpyrrolidone, Polystyrene and Polyacrylonitrile were used to electrospin the cones. These cone structures are spreading out from a vertical conductive pillar, which can be arbitrarily placed on specific part of the collector. The lower part of the cone is clearly defined on the collector, and the cone has a relatively uniform radius around the pillar. The cones are constituted of fibers that are radially aligned towards the top of the pillar, but there is no apex and the fibers fall flat on the top of the pillar surface. A parametric study has been performed to investigate the effects of the pillar morphology (height and thickness) and the electrospinning parameters (applied voltage and working distance) on the overall shape and size of the cone structure, as well as the fiber alignment. The pillar morphology influences directly the cone diameter and height. The electrospinning parameters have little effect on the cone structure. The formation mechanism has been identified to be related to the shape of the electric field, which has been systematically simulated to understand the effect of the electric field lines on the final dimensions of the cone structure.
Introduction
Electrospinning is a simple technique that allows fabrication of micro-to nano-sized fibers from a polymer solution by applying a high voltage [1, 2] . Characteristics of electrospinning include high tunability over the fiber dimension and morphology, high versatility over the type of polymer that can be electrospun, and possible functionalization of the fibers [3] [4] [5] [6] [7] [8] . This makes it a technique of choice for a wide range of applications, for example tissue engineering, drug delivery, filtration, catalyst support, sensors and energy devices [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
While standard electrospinning gives rise to flat nonwoven fiber mats, several ways have been identified for inducing a preferential alignment to the fibers. However, the common fiber alignment methods either require precision fiber deposition by utilizing the stable jet part of electrospinning; mechanical movement with a high-speed rotating drum collector [19] ; or manipulation of the electric field by adding insulating blocks on the pathway of the fibers [20] . Advantages of aligned fibers among others include guidance for growth for biological cells, or improved electrical and mechanical properties for energy devices [21] [22] [23] [24] [25] [26] . Transition from a two-dimensional to a three-dimensional (3D) electrospun structure is therefore often desirable, as 3D electrospun structures can be beneficial as scaffolds for bio-engineering applications, or can serve as membranes for water splitting and filtration [27] [28] [29] [30] . One way for achieving 3D electrospun structures is by extending the electrospinning time, and stacking several mats of fibers on top of each other [31] . The main issue of this technique is that the achievable height is low or each fiber layers are not interconnected to each other, preventing propagation of cells through the distinct layers [32, 33] . One way to circumvent this problem is to add one heating step to partly fuse the layers [34] . Other fabrication routes for 3D electrospun fibers are: electrospinning directly on a 3D auxiliary template, post-processing of the fibers, and direct self-assembly of the polymer fibers [35] [36] [37] [38] . Examples of 3D auxiliary templates can include tubular collector or 3D printed scaffold [39, 40] . The obtained 3D structures do not possess any preferential alignment. Other ex-amples include freeze drying of fibers mats or embedding the mats in hydrogel [41] . In both cases, it is possible to first electrospin aligned fibers mats before building the 3D structure [42, 43] . Overall, most of these techniques have the disadvantages of requiring long elaboration time or possessing poor control over the 3D structure. Combination of 3D printing with electrospinning can also be used to build different shapes for scaffolds within a short time, with a good control of the 3D shape, but fiber alignment has not been demonstrated so far [44] .
In this paper, the fabrication of well-defined electrospun 3D cone structures with radial alignment is investigated. These cone structures were electrospun in a single step, onto the supportive material directly, which was a grounded conductive pillar. The influence of the pillar dimensions (height and thickness) on the morphology of the electrospun cone structures was studied systematically. Interactions between different cone structures in close proximity were observed as well. The effect of two electrospinning parameters (applied voltage and working distance) on the cone shape and size, and the structure of the fibers at different distances from the conductive pillar were also investigated. The alignment of the electrospun fibers was directly observed via Scanning Electron Microscopy (SEM) and the macroscopic architecture of the cone structures was studied by a digital mirror-reflex camera. The cone formation and radial alignment can be explained by analyzing the electric field in the vicinity of the grounded pillar. Radially aligned electrospun fibers have been reported to enhance and direct cell migration from the periphery to the center of the structure [45, 46] . The technology investigated in this paper combines the benefits of radially aligned fibers with 3D structures, and can be used as scaffolds for different applications [47] .
Experimental

Materials
Polyvinylpyrrolidone (PVP, Mw=1,300,000), Polystyrene (PS, Mw=280,000), Polyacrylonitrile (PAN, Mw=150,000) were purchased from Alfa Aesar, Sigma Aldrich and Shandong Jianofu Treasure Industrial Co., respectively, and used without further purification. Filtered deionized water was used for dissolving PVP. Dimethylformamide (DMF) and tetrahydrofuran (THF) were acquired from Alfa Aesar and Fisher Scientific, respectively. The 0.3 mm and 0.7 mm thick graphite pillars were purchased from Staedtler, Germany. The 0.5 mm ones were obtained from Rotring, Germany. The 2 mm graphite pillar was acquired from Koh-iNoor Hardtmuth, Austria. The 5.6 mm graphite pillar was received from e+m, Germany. Polyactic acid (PLA) filament was acquired from Ultimaker, Netherlands. The 1.1 mm thick steel/copper pillar was acquired from Office Depot, United Kingdom. The 0.3 mm thick aluminum support was acquired from Parthian Energy, USA.
Support construction
The collecting supports were designed using a Computer Aided Design (CAD) software (Onshape v1.75). The supports were circles with a radius of 4.0 cm, with holes to insert the graphite pillars. The PLA supports were 3D printed with an extrusion-based 3D printer (Ultimaker 3, Ultimaker, Netherlands), and wrapped in a conductive aluminum foil. The graphite pillars were cut to the desired height with a Stanley knife and inserted inside the PLA supports. The pillar height was controlled with an electronic digital caliper (500-196-30, Mitutoyo, Japan) with an accuracy of 0.1 mm. The shortest and thinnest pillar support (0.7 mm high and 0.3 mm thick) was made by carving an aluminum frame with a Computer Numerical Control mill. Overall, the support was a conductive pillar standing on a circular base.
Electrospinning apparatus and procedure
The electrospinning apparatus (NovaSpider, CIC nanoGUNE, Spain) consists of a syringe pump, connected to a nozzle head through a polytetrafluoroethylene (PTFE) tube. The high voltage was applied directly to the nozzle head. The device is capable of moving the nozzle head in the x-y plan, with a resolution of 0.02 mm, to spread the fibers deposition over a wide area. The collector bed height can be set along the z axis. Figure 1 depicts an illustration of the 3D electrospinner as well as the experimental setup with pillar support. 15 wt% PVP was dissolved in water at room temperature for 5 hours. 15 wt% PAN and 15 wt% PS were dissolved in pure DMF and 1:1 DMF/THF respectively. The solution was loaded into a syringe connected to a blunt needle (nozzle) through the PTFE tube. The applied voltage to the nozzle was set between 8 and 20 kV, the flow rate was fixed to 0.25 mL.h −1 , the working distance was varied between 5 and 20 cm, and the needle gauge was 22G (inner diameter = 0.413 mm). The pillar support was placed in the center of the grounded collector, which was beneath the nozzle head. The nozzle head was moving in a 4.9 cm*3.2 cm area to spread the fibers onto the whole pillar support. The experiments were carried out for 10 minutes at room temperature, between 20-27 ∘ C, with the relative humidity between 45-50%, as measured by a temperature and humidity sensor (HumidiProbe, Pico Technology, United Kingdom). The cone shapes have been measured by direct observation of their macroscopic features with a digital camera. The effect of the process parameters (pillar height, pillar thickness, applied voltage and working distance) over the shape of the cone structure has been investigated. This was done with a parametric study where only one parameter at a time would be changed between each experiment. The different experimental conditions (pillar size and electrospinning conditions) are summarized in Table 1 .
Characterization
The macroscopic shape of the cone structure was captured using a digital camera (EOS 6D, Canon Inc., Japan). The microscopic structure and the alignment of the fibers were observed with a Scanning Electron Microscope (SEM) (JSM-6010PLUS/LV, JEOL Ltd., Japan) at an accelerating voltage of +20 kV. The cone diameters were measured using an image processing software (Fiji -ImageJ v1.51u). The fiber alignment was characterized using the plug-in 'Directionality' (v2.0.2) included in the Fiji software. The Fast Fourier Transform (FFT) of the picture was analyzed and converted into a histogram depicting the number of fibers at every 2 degrees between 0 to 180 ∘ . 0 ∘ is the East direction and the angle goes up in a counterclockwise trend. The samples were coated with 20 nm of Gold using a Sputter Coater (Desk III, Denton Vacuum, USA) before observation.
Electric field simulation
The electric field simulations were performed with a finite element analysis software, solver and multiphysics simulation software (COMSOL Multiphysics -v5.3a). The syringe needle was defined as a steel hollow cylinder with an outer diameter of 0.8192 mm, an inner diameter of 0.5140 mm and a height of 2 cm. The collector was an aluminium rectangle with a length of 26 cm, a width of 20 cm and a thickness of 0.5 cm. The pillar support was drawn as an aluminum circular base with a diameter of 4 cm and a thickness of 0.5 cm. The dimensions of the graphite pillar, the working distance and the applied voltage to the needle were adjusted accordingly to the experimental parameters. The boundary domain was defined as a rectangular box with a length of 31 cm, a depth of 25 cm and a height 5 cm higher than the working distance of study. The mesh was set to a "Fine" size. The electric field was examined in the y-z plane, in the vicinity of the grounded pillar.
Results and discussion
Cone shape
The formation of the aligned cone-shaped electrospun fibers is driven by the electric field. Due to the presence of the conductive pillar in the center, the electric field lines are concentrated to the top of the pillar, where the electric field is the highest (Figure 2 ) [48] . During the elecrospinning process, the emitted charged fibers from the nozzle are attracted towards the top of the grounded pillar. As soon as a charged fiber touches the grounded pillar, the charges at the front end are neutralized. However, the part of the electrospun fibers far enough from the grounded pillar is still positively charged because of the low electrical conductivity of the polymer fiber. That positively charged part is still influenced by the electric field, until it touches the flat part of the collector. The shape of the electric field, and thus the shape of the electrospun truncated cone structure, is heavily influenced by the pillar morphology itself. A similar formation mechanism of an electrospun cone structure was described by Zhou et al. [49] . The top part of the cone was spreading out from the tip of the conductive pillar. The cone structures could not be clearly defined with an apex. The top of the cone structure was flat, as the fibers were strongly attracted by the grounded pillar. The flat base of the polymer cone had an irregular circle shape. This was most likely due to the imperfections of the graphite pillar, being dented after cutting them to size. These defects were minimal, with the radiuses along the circle having a deviation lower than 10% in most cases.
The shape of the pillars has a direct influence on the height of the cone structure, as well as its diameter. As seen in Figure 3 , the pillar height is the parameter that has the most influence on the cone dimensions. This is because the shape of the electric field in the vicinity of the pillar is directly affected by the height of the pillar, the position of the top of the pillar to the grounded collector. An example of electric field simulation is shown in Figure 2 . The electric field simulation for the other pillar heights are shown in the Supplementary S1. Similar to the setup designed by Zhou et al., the electric field is oriented toward the top of the pillar. Moving further away from the tip of the grounded pillar to the flat collector, the electric field slowly reorients to a vertical direction. As such, increasing the pillar height alters directly the electric field in the vicinity of the pillar. With a higher pillar, the electric field lines are influenced and redirected on a longer distance, both on the horizontal and the vertical axis. This results in an increased cone diameter with higher pillars as the distorted electric field influences the travel path of the electrospun fibers. The measured mean cone diameters were 2.5 ± 0.1, 5.4 ± 0.2, 7.6 ± 0.1, 10.2 ± 0.1, 10.0 ± 0.2, 15.3 ± 0.1, 13.9 ± 1.0 mm for the pillar height from 1 to 10 mm respectively (see Figure 4) . The cone structure electrospun with the 10 mm pillar is the one deviating the most from the growing trend. This is due to the pillar itself leaning to the side and preventing the formation of the cone structure from the top of the pillar. It was not possible to see if there was a minimum pillar height at which no more cone structures would be electrospun due to limitation in cutting method. Yang et al. could still observe a cone structure with a pillar height of 0.1 mm and a thickness of about 0.5 mm [50] . The increasing trend of the cone diameter with the pillar height from 0.1 mm to 0.7 mm was still followed as well in their work. It was noted, however, that the maximum pillar height is mostly limited by the close proximity between the top of the pillar and the charged nozzle. This can either induce a short circuit because of the high voltage, an unstable electrospinning process or improper drying of the electrospun jet. All these reasons can prevent the proper formation of the cone structure.
At first glance (see Figure 5 ), the pillar thickness seems to have an effect on the cone diameter (measured at its base), increasing linearly with it, except for the 5 and 10 mm pillar heights. The measured cone diameters were 10.7 ± 0.1, 10.0 ± 0.2, 11.2 ± 0.1, 11.3 ± 0.2, 12.8 ± 0.3, 15.7 ± 0.2 mm for the pillar thickness 0.3, 0.5, 0.7, 0.9, 2.0 and 5.5 mm respectively (see Figure 6 ). It is however observed that, when taking into account the size of the conductive pillar itself, the actual cone diameter stays at about 10 mm independently from the pillar thickness. This implies that the electric field lines at the sides of the conductive pillar do not change with the pillar thickness, thus the low influence on the fiber travel path, and the cone diameter. This observation is shown in Supplementary S2. These simulations show the behavior of the electric field lines, at the side of the pillar, is independent of the pillar thickness. Regardless of the pillar thickness, only the electric field lines located within 2-3 cm at the side of the grounded pillars are diverted and reoriented.
A number of applied voltages and working distances have been tested to investigate the influence of the electrospinning parameters. The pillar height was fixed at 5 mm and the thickness was at 0.5 mm. As seen in Figure 7 and Figure 8 , these electrospinning parameters have little to no influence on the macroscopic shape of the cone structure. This is because these two parameters, in this range of study, do not alter the shape of the electric field around the conductive pillar, and the travel path from the top of the pillar to the grounded collector remains unchanged. This is highlighted in the electric field simulation of the Supplementary S3 and Supplementary S4, where the direction and orientation of the electric field are independent from the applied voltage and the working distance. Because of the grounded pillar, these 2 parameters only influence the electric field intensity rather than the electric field lines. This also implies that the electric field intensity by itself has no influence on the shape of the electrospun cones. As a result, all the cones electrospun at different voltages and working distances have diameters of about 1.0 mm. It was, however, worth noting that the cones electrospun at a working distance of 20 cm had less fibers than the other cones. This is mostly due to the configuration of the electrospinning device itself and, at this working distance, some fibers are diverted from the grounded collector, thus resulting in a fewer amount of fibers.
Fiber alignment
SEM images have been taken for different pillar thicknesses, from 0.3 mm to 2.0 mm, as well as two different pillar heights, 0.7 mm and 5.0 mm. Similar fiber alignment was seen with all the pillar dimensions (see Supplementary S5).
As shown in Figure 9 , there is a general alignment of the fibers towards the top center of the pillar support. By zooming in at the edge of the pillar support, as seen in Figure 10 , it is observed that the fibers deposited on top of the pillar are randomly oriented, and they get their relative radial orientation towards the center of the pillar only when they leave the pillar. This behavior is independent from the pillar thickness. Analysis performed by the Directionality plugin of the Fiji software showed that the fibers are well-aligned with an average standard deviation below 10 ∘ , independently from the thickness or height of the pillars (see Supplementary S5). The flat top pillar, on a microscopic level, acts as a regular flat collector and cannot induce any preferential orientation. This alignment behavior is similar to the work done by Xie et al., where a point electrode was used in the middle of a ring electrode to induce a radial alignment [45] . They simulated the electric field to show that it was pointing to both the point and the ring electrode, thus favoring the radial alignment. The other edge of the cone, where the fibers touch the flat part of the collector, was also investigated by SEM. There was no transition zone present, as seen in Figure 11 . The fibers suddenly lost any radial orientation and the clear frontier of the cone was observed. This observation could be mostly attributed to the fact that the images were taken from a top view, so only the upper layer of the fibers was observed. If there was any other unoriented layers underneath, they would be hidden by the top layer. The fibers deposited far away from the pillar support are randomly oriented. This is because away from the pillar, the electric field and the behavior of the electrospun fibers are similar to conventional electrospinning onto a flat grounded collector.
Finally, it has been observed that the distance between two pillars can affect the cone formation. When the pillars are in close proximity, the fibers would form a linear network and connect the two pillars together (bridging effect), as seen in Figure 12 . A similar phenomenon has been observed by Pan et al., although they placed an insulating layer on top of the conductive support [51] . This prevented the formation of any cone structure and they focused their work on the fiber network within the array of pillars. This linear network has also been observed with insulating pillar support [52] [53] [54] . Our hypothesis is that this bridging ef- fect would happen when the distance between the two pillars is inferior to the sum of the radius of the two cones, as the fibers of the cones would be able to interact with each other. As shown in Figure 12 , even when putting multiple pillars over the same support, there is little to no distortion of the cone structure when the pillars are distant enough from each other.
Extension to other polymers and pillar materials
The fabrication of cone structures using electrospinning has been achieved with the polymers PAN and PS as well. The diameter of the electrospun cones were of 11.4 ± 0.2 and 16.9 ± 0.1 mm for PAN and PS respectively. The process parameters at which these cones were formed are highlighted in Table 1 . Both of these diameters are larger than the cone diameter obtained with PVP (10 ± 0.2 mm) under the same experimental conditions. The higher resistivity of the PS polymer compared to the PVP and PAN might be directly correlated to the larger cone structure [55] [56] [57] . More electric charges are retained by the PS fibers, which makes them more susceptible to the sudden change of electric field next to the grounded pillar [58] . This results in a larger cone structure. The electrospun PAN and PS cones also feature radial alignment toward the top of the grounded pillar. In addition, the fabrication of the cone structure on a different pillar material has been achieved as well. A cone diameter of 13.4 ± 0.1 mm was obtained for a steel/copper pillar. These additional cone structures are illustrated in Supplementary S6.
Conclusions
This work reports on the fast and facile electrospinning of aligned 3D cone structures, using conductive pillars sticking out of the grounded collector. These cone structures are electrospun within 10 minutes and highly stable, even after 6 months of storage at ambient conditions. The cones are constituted of radially-aligned fibers toward the top of the cones, attached to a vertical and conductive pillar that is connected to the ground. The base of the electrospun cones is a rather uniform circle around the conductive pillar. The fibers on top of the conductive pillars and the fibers far away from the pillars show a random orientation as the electric field is not affected by the pillar at those places. The effect of the electrospinning parameters and pillar dimension on the cone morphology, and the formation mechanism have been investigated. The cone structure is formed due to the distorted electric field in the vicinity of the conductive pillar, as well as the slow charge neutralization of the polymer fibers. The morphology of the cone structure is mostly dependent on the dimensions of the pillar itself, in particular the pillar height. The electrospinning parameters have little to no influence on the cone structure as they do not alter the electric field itself. The electric field has been systematically simulated and show how the electric field lines directly interfere with the shape of the electrospun cone. The formation of a linear fibrous network between two pillars is observed when the pillars are in close proximity. It is suggested that these peculiar radially-aligned cone structures have potential applications in bio-engineering and sensors. 
